Abstract. Renovation of old apartment buildings is a topic of current research interest throughout the Eastern Europe region where similar typology is derived from the period of . Thermal bridges, essential components of the transmission heat loss of a building, have to be properly evaluated in the energy audit during current state-of-the-art situation as well as in the comparison of renovation solutions. Resulting from field measurements and calculations, we propose linear thermal transmittances Ψ of thermal bridges for four types of apartment buildings: prefabricated concrete large panel element, brick, wood (log), and autoclaved aerated concrete. Our results show that thermal bridges contribute 23% of the total transmission heat loss of a building envelope before renovation. After renovation thermal bridges account for only 10% if windows are repositioned into additional external thermal insulation and balconies are rebuilt as best practice. Inversely, impact of the thermal bridges might be up to 34%, depending on the wall insulation thickness. We have also found that the relative percentage of thermal bridges after renovation increases and the negative impact of the thermal bridges of certain junctions cannot be compensated with thicker wall insulation. Results obtained in this paper are useful for energy audits.
Introduction
The thermal bridge is a part of the building envelope where the otherwise uniform thermal transmittance is locally significantly larger. The European Directive on the Energy Performance of Buildings (EPBD 2010) states that the methodology for calculating the energy performance of buildings should also take into account thermal bridges. All EU Member States plus Norway consider thermal bridges in the energy performance assessment of new buildings, but to a lesser extent in the assessment of existing buildings that undergo major renovation (Erhorn et al. 2010) . From seven essential requirements set in the Construction Products Regulation (EU) No 305/2011 No 305/ (2011 , thermal bridges influence the requirements for "hygiene, health and the environment" and "energy economy and heat retention".
The share of thermal bridges in the transmission heat loss depends on the climate and construction. In warm France and Greece the influence of thermal bridges is in a range of 5-35% (Déqué et al. 2001; Theodosiou, Papadopoulos 2008) . In cold Sweden, the impact of thermal bridges may be accounted for by the increasing heat transfer between 20% and 38% for precast concrete sandwich walls and between 12% and 26% for wooden frame walls (Berggren, Wall 2013) in terms of internal dimensions of the building envelope.
The better the insulation of the building envelope, the larger the relative contribution of thermal bridges on the overall transmission heat loss of the building and the more important it is to develop improved constructional details (Janssens et al. 2007) . Comprehensive research about evaluating thermal bridges by a quantitative approach with a new method is introduced in Asdrubali et al. (2012) .
There are many methods to determine linear thermal transmittance of thermal bridges: numerical calculations (typical accuracy ±5%), thermal bridge catalogues (±20%), manual calculations (±20%), and default values (0-50%) (EN ISO 13789:2008; EN ISO 14683:2008) .
Linear thermal transmittance values of thermal bridges for new buildings are to be calculated by the designer or can be commonly taken from a standard EN ISO 14683:2008 , database or catalogue (Tilmans, Orshoven 2009 ). Regression equations for thermal bridges of typical junctions are presented in Capozzoli et al. (2013) and Ben Larbi (2005) . Thermal bridges were analysed in a guarded hot box testing facility by Martin et al. (2012a) who demonstrated the methodology (Martin et al. 2012b) to calculate an equivalent wall, which has the same dynamic thermal behaviour as the thermal bridge. A pragmatic approach was used in Roels et al. (2011) to incorporate the effect of thermal bridging within the EPBD (2010) regulation. It is stated that thermal bridges are a crucial point in the energy analysis of the building envelope. Most of the studies are applicable to the design of new buildings rather than to energy renovation of old apartment buildings.
Renovation of an old building envelope is important because it offers a huge (60 Mtoe by 2030 for the EU28) potential for energy savings (Lechtenböhmer, Schüring 2010) . To simplify design, which is anyhow undervalued and derogated concerning time and money, a simplified approach to thermal bridges would be preferable in older buildings under major renovation.
Renovation/modernisation of old apartment buildings is a topic of current interest in the whole Eastern Europe region with similar buildings. In Lithuania, as reported in Biekša et al. (2011) , the current shape and tendencies of multi-apartment building renovation are far from completion and further improvement and recommendations are needed. Almost a decade ago, Zavadskas et al. (2004) developed a method with a multi-criteria approach in order to analyse renovation scenarios of old apartment buildings. Recently they have proposed a more general but still a multi-criteria approach for all construction works (Zavadskas et al. 2014) . A relevant factor to be considered is the form of ownership in the Baltic States that differs from most of Europe -each apartment has a different owner.
Before renovation, the proper evaluation of the technical condition and energy performance of a building with possible energy savings is essential. A relevant approach is presented in Ignatavičius et al. (2007) in the context of case-study analysis and results. To select energy saving measures properly and to evaluate their efficiency, the consumed and calculated heat amounts "before" and "after" the renovation should be divided into components (Čiuprinskas, Martinaitis 2003) . Further, linear thermal transmittance of the thermal bridges should be taken into account when calculating energy consumption of a building.
Many older apartment buildings in Eastern Europe were constructed according to a standard design with similar architectural and constructional typology, including typical thermal bridges. Therefore, for typical apartment building series, similar values of the linear thermal transmittance of thermal bridges may be used. This can help energy auditors and designers to choose a proper quantity of the thermal bridges in order to improve energy calculations. Regarding to inhabitants and owners of older apartment buildings, the cost of renovation design documentation is usually critical, "ready to use" values of linear thermal transmittances can reduce the design time, harmonise the quality and lower the cost. This paper evaluates the impact of thermal bridges in the transmission heat loss. Different levels of building envelope insulation were analysed for apartment buildings composed with prefabricated reinforced concrete large-panel elements, bricks, wood and autoclaved aerated concrete large-blocks, mostly built during the constructional wave between 1960 and 1990. We have calculated the true impact of thermal bridges in the transmission heat loss of a building envelope before and after renovation. Numerical values of proposed linear thermal transmittances are useful for energy audits.
Methods

Buildings studied
Based on the main construction material, four different building types were analysed: prefabricated reinforced concrete large-panel element (hereafter: concrete element) (13 example buildings), brick (15 buildings), wood (log 20 buildings), and autoclaved aerated concrete (AAC) large-blocks (1 building). Typical buildings with different construction, service systems, ages and number of storeys were selected. External walls of concrete element buildings (Fig. 1 left) are composed of two layers of reinforced concrete (50-130 mm inner load-bearing layer and 50-80 mm outer core) and 100-150 mm thick insulation layer in between (fibrolite, mineral wool, phenolic foam or expanded polystyrene). Different elements are welded and concreted together in-situ. Thermal transmittance of walls varies between U = 0.5-1.0 W/(m 2 ·K) and that of roofs 0.7-1.0 W/(m 2 ·K). Thickness of the inner load-bearing layer in brick buildings ( Fig. 1 right) is 250-630 mm (typically calcium silicate brick), 60-120 mm mineral wool thermal insulation, and 120 mm of external layer (calcium silicate or ceramic brick). Also, thick brick walls without insulation material were analysed. Thermal transmittance of brick walls varies between 0.5-1.2 W/ (m 2 ·K) and that of roofs 0.7-1.0 W/(m 2 ·K). In general, slabs on the ground and cellar ceilings are uninsulated.
The two-and three-storeyed wooden apartment buildings studied were built in the first half of the 20 th century (Fig. 2 left) . The external wall is built with a horizontal or vertical load-bearing log wall with a thickness of 120-180 mm. Inserted ceilings are usually built from wooden beams, whereby cellar ceilings can be also made of concrete on steel beams. Thermal transmittance Apartment buildings composed of autoclaved aerated concrete (AAC) are mainly ( Fig. 2 right) composed of largeblocks that have lime or oil shale ash as a binding agent. Visually similar to some types of brick apartment buildings, these buildings generally have 2-5 storeys. Thermal transmittance of 300 mm solid walls (density ρ~800-1000 kg/m 3 ) varies between U = 0.6-1.1 W/(m 2 ·K) and that of pitched or flat roofs 1.0-1.5 W/(m 2 ·K).
Calculation methods
Thermal performance of typical thermal bridges was analysed with the two-dimensional (2D) steady-state finite element heat-transfer simulation program THERM 6.0 developed by the Lawrence Berkeley National Laboratory and calibrated according to the EN ISO 10211:2007 (2007 standard. The linear thermal transmittance of the thermal bridges Y, W/(m·K) was calculated by Eqn (1):
where L 2D is the thermal coupling coefficient obtained from the 2D calculation of the component separating the two environments being considered, W/(m·K); U j is the thermal transmittance of the 1D component j separating the two environments being considered, W/(m 2 ·K); l j is the length over which the value U j applies, m. Length L 2D is equal to ∑l j . Overall internal dimensions of the external envelope according to EN ISO 13789:2008 was used in the calculations. In the calculations of linear thermal transmittance, average values of internal surface resistance from the EN ISO 6946:2007 (2007) standard were used: for roof R si 0.10 m 2 K/W, for wall R si 0.13 m 2 K/W, for floor R si 0.17 m 2 K/W. Thermal resistance R se 0.04 m 2 K/W was used for all external surfaces. Thermal conductivities of the materials used in the calculations are presented in Table 1 .
Linear thermal transmittances were calculated for four different building types as original and additionally insulated building envelopes: +100 mm, +150 mm, +200 mm and +300 mm additional external thermal insulation with the thermal conductivity l = 0.04 W/(m·K).
Transmission heat loss (also heat flow rate, W) of a building envelope consists of several components -thermal transmittance U, linear thermal transmittance Y and point thermal bridges χ. Thermal transmittance can be also presented as an overall reduced (in literature: also "effective") thermal transmittance of a wall U red that consists of heat transfer through the 1D opaque wall (excluding windows) and of heat transfer through the 2D thermal bridges divided by the wall area according to Eqn (2):
where H is a specific heat transfer, W/K; A is the area of 1D wall, m 2 ; U is the thermal transmittance of the 1D wall, W/(m 2 ·K); Ψ j is the linear thermal transmittance of the thermal bridge, W/(m·K); l j is the length of the thermal bridge, m; χ j is the point thermal transmittance of the thermal bridge, W/K; n is the number of point thermal bridges. Point thermal bridges are not taken into account in this paper.
Field measurement methods
Buildings were surveyed first by assessing the technical condition and secondly by using infrared thermography.
Original design drawings were collected (see Fig. 3 ) and inhabitants and operators interviewed. Surface temperatures were measured to enable the comparison of calculation results and to increase the reliability of the calculated linear thermal transmittances. To determine the thermal bridges and their distribution, measurements with an infrared image camera FLIR ThermaCam E320 (thermal sensitivity of 0.1 °C, measurement range from -20 °C to +500 °C) were conducted (2001) during the winter while the temperature difference between the indoor and outdoor air was at least 20 K. For the emissivity ε of the surface materials, data from the infrared literature and measurements made by FLIR Systems (2006) were used. Air pressure difference was consciously not created, but it existed to some extent due to wind and different densities of the indoor and outdoor air.
Results
Measurement results
Field measurements in concrete element buildings showed that the critical thermal bridges are located in: -horizontal and vertical joints between external wall elements, see Figure 4 (top); -junctions of the external wall and the balcony slab, see Figure 4 (top); -junctions of the external wall (especially end sides) and the flat roof, see Figure 4 (top and bottom);
-bonds of element`s inner and outer layers of the external walls, see Figure 4 (top); -foundation wall elements, see Figure 4 (middle); -junction of the external wall and the window/door, see Figure 4 (top). Also, wall elements with missing or poor insulation existed, see Figure 4 (middle). In the worst cases, mould growth was visually detected on the internal surface of the thermal bridges, see Figure 4 (bottom).
Field measurements in brick apartment are presented in Figure 5 .
Field measurements in brick buildings showed that the thermal bridges are located in:
-junctions of the external wall and the flat or pitched roof; -junctions of the external wall and the balcony or loggia slab and wall; -junctions of the external wall and the window/ door, see Figure 5 (bottom); -junction between the foundation wall elements and the external wall; -junctions of the external wall/inserted ceiling, see Figure 5 (middle); -bonding bricks, see Figure 5 (top).
Field measurements in the old wooden (log) apartment buildings showed that the most critical thermal bridge is located at the junction of the external wall and the cellar ceiling. This is caused by the large thermal transmittance of limestone foundation that the log wall lies on. Since leaky 2-frame windows were typically used in wooden buildings, low surface temperatures caused by air leakage rather than by the thermal bridge were determined around the windows. 
Calculation results
Calculation results of linear thermal transmittances for four building types with varying junctions are shown in Table 2 . Calculations were based on the original drawings of the buildings and information from the field survey. Figure 6 . At a wide range of values (e.g. concrete element buildings), also the third number in between is proposed, which can be considered as the most probable. Without any information available, that value can be used in the energy audit as the first approximation. At the external wall/roof junction both or only one can be insulated.
Impact of thermal bridges
Impact of thermal bridges on the thermal performance of a building can be taken into account separately, but for emphasis it is considered as a part of thermal transmittance of a wall. Relative significance of the thermal bridges of a typical five-storeyed concrete element apartment building (Fig. 1 left, The results obtained -1.51 W/(m 2 K) before and 0.64 W/(m 2 K) after renovation indicate that thermal transmittance of a wall increases about 66% before and approximately three times after renovation derived from thermal bridges. Thus, the relative significance of thermal bridges in the transmission heat loss increases with an improved level of insulation. It must be noted here that only half of the linear thermal transmittance Y was taken into account at the external wall/roof and the external wall/cellar ceiling junctions because the other half is the thermal transmittance related to the roof or the cellar ceiling, respectively. Results of Ψ j •l j in calculation of U red given above the line follow the order of junctions as presented in Table 2 . Quantity 442 W/K after renovation originates from external wall/window (and door) junction and it forms 85% of the transmission heat loss through all thermal bridges. Figure 7 shows the impact of thermal bridges depending on the insulation thickness where the percentage of thermal bridges in the transmission heat loss of the building envelope is presented.
In typical bad practice renovation (Fig. 8, left) insufficient attention is paid to thermal bridges -windows are left to original position and concrete balcony slabs are not insulated during renovation (hereafter: bad practice). With best practice, windows are repositioned into additional thermal insulation (Fig. 8, right) and old concrete balcony slabs have been demolished and rebuilt (hereafter: best practice). In case of bad practice approach, percentage of thermal bridges in transmission heat loss increases with the level of additional insulation (Fig. 7) , reaching up to 34% with typical insulation thickness +200 mm.
We also analysed the effect of thicker additional insulation of a wall required to compensate the impact of thermal bridges. In other words, how much extra wall insulation is needed to achieve equal linear thermal transmittance of the thermal bridges. In buildings renovated under bad practice, the external wall/window (numerous window perimeter length) and external wall/balcony junction have the largest impact on the thermal bridges. Theoretical thickness of additional wall insulation needed to compensate linear thermal transmittance of thermal bridges ends up at infinity at bad practice renovation if it is impossible to insulate the window jamb (also named window cheek), as was found in the analysis of our renovation case study (Ilomets, Kalamees 2013) , see also Figure 8 , bottom left. During best practice renovation where windows are repositioned and balconies rebuilt, additional insulation has to be 390 mm instead of 200 mm in order to compensate high thermal transmittance of thermal bridges.
Discussion
In this study we have evaluated the share of thermal bridges in the transmission heat loss of old apartment buildings based on Estonian example. As similar solutions were widely used in many parts of Eastern Europe and former Soviet Union with only few local changes made, results are useful also in other countries. Still, before using the values presented in this study, similarities and differences due to local typology, materials and workmanship practice related to junctions must be considered.
Both measurements and calculations show that the problem with thermal bridges is extremely serious especially for concrete element but also for brick buildings since constructional thermal bridges were already designed in original solutions. Most of the thermal bridges can be minimised by applying additional external ther- Fig. 7 . Percentage of thermal bridges in transmission heat loss (through the whole building thermal envelope including thermal bridges) Fig. 8 . Examples of bad practice (left) and best practicewindows are repositioned into additional insulation (right). Isotherms in both cases are presented in upper row and designed principal renovation solution in bottom row mal insulation and paying special attention to the external wall/window and the external wall/balcony junctions. As compared to concrete element buildings, the situation in brick buildings is somewhat better and in wooden and ACC buildings substantially better since there are fewer constructional joints (no in-situ concrete casting). Also, insulation is continuous at the external wall/internal wall and the external wall/inserted ceiling junctions in brick buildings.
Results of wooden apartment buildings indicate that the critical thermal bridge exists at the external wall/ foundation wall junction. Under renovation, the foundation wall should be additionally insulated from outside. Also, new windows with a similar width of a jamb should be carefully designed and installed with additional insulation during renovation.
In AAC buildings also critical thermal bridges exist, but the problem is somewhat less serious compared to concrete and brick buildings, mainly because of smaller thermal conductivity of the AAC blocks. Often in older apartment buildings, thermal bridge is a combination of a geometrical and a constructional thermal bridge.
Two main factors have worsened the situation related to thermal bridges during the last decade. First, inhabitants have replaced their windows, but usually a narrow 70 mm jamb is installed instead of an old wooden window with a wide jamb (ca 130 mm in wooden buildings and ca 95 mm in all other building types). Secondly, installation of additional external insulation with windows left at their original position has increased the linear thermal transmittance at the external wall/window junction. It must be emphasised that in addition to increased relative share of thermal bridges, also absolute value of linear thermal transmittance at external wall/window junction is increased after applying additional insulation.
Although the total thermal performance of a building during renovation is improved, we found that the relative percentage of thermal bridges increases with the thickness of insulation. From 23% for a current state-ofthe-art building, we reached up to 34% with +200 mm additional insulation during bad practice renovation as windows are the major source of the transmission heat loss. Large impact of thermal bridges can be emphasised by the ratio of linear thermal transmittances of the thermal bridges and the thermal transmittance of the walls, which results in a rate of 3. This means that the heat flow rate from the heated space through the thermal bridges is three times larger than the heat flow rate of the opaque wall. The share of thermal bridges would have been even higher with a thicker layer of insulation, but insulation >200 mm is not typical as windows kept to original position as bad practice. The same tendency (percentage of thermal bridges in the transmission heat loss is growing with the level of insulation) has been found in Berggren and Wall (2013) . Our share of 34% is in good correlation with 30-35% reported in Theodosiou and Papadopoulos (2008) and Erhorn et al. (2010) . Also, Berggren and Wall (2013) found the impact between 20-38% for concrete element buildings -the same building type as used in our analysis. In addition, Kauppinen et al. (1997) found that thermal transmittance is valid only for 50% due to thermal bridges considering the heat loss of the whole building envelope and Al-Sanea and Zedan (2012) and Desjarlais and McGowan (1997) similarly claim that thermal resistance can be reduced twice by using internal dimensions of a building envelope.
The share of thermal bridges in the transmission heat loss of the building envelope after renovation depends strongly on the insulation on the window jamb under bad practice. This is caused by the large perimeter of the external wall/window junction. If the windows remain in their original position, the original linear thermal transmittance (up to Y = 0.30 W/(m·K)) will increase (up to Y = 0.50 W/(m·K)) because of the insulation applied. Thermal performance of the external wall/window junction has been studied in Cappalletti et al. (2011) who reported a similar result -linear thermal transmittance up to Y = 0.40 W/(m·K) depending on the position of a window. Our renovation case-study analysis (Ilomets, Kalamees 2013) has shown that in practice it is impossible to sufficiently insulate a window jamb due to limited space (ca 10 mm) for insulation. Unacceptably poor thermal performance of windows and balconies can be concluded by comparing the values of linear thermal transmittances presented in Table 2 and the results of Janssens et al. (2007) . Limit value Ψ = 0.10 W/(m·K) is proposed to represent a sufficient level of linear thermal transmittance of junctions which is also supported by the default value in EN ISO 14683:2008 . Since external dimensions of a building envelope were used in the referred sources, comparison is valid only for non-geometrical thermal bridges as junctions of the window and the balcony.
An impact as small as 10% (Fig. 6 ) is achieved only by installing windows in a new position inside the additional insulation and removing existing concrete slab balconies. Since total transmission heat loss after renovation is already small, 10% of it means very small absolute quantity. Therefore, this solution can be suggested for sustainable complete best practice renovation and the share of 10% tends not to change with the thickness of insulation. In addition to the window junction, also the remaining external wall/balcony slab without thermal insulation can have a significant impact. Our study has found that the transmission heat loss of the building envelope rises by 5-9% when considering only the impact of old balconies. This is close to the result of 9-18% found by Ge et al. (2013) .
Since the relative impact of thermal bridges enlarges with insulation thickness, focus during renovation should be on the minimisation of thermal bridges rather than on using thicker insulation to achieve the target, e.g. lowenergy level in cold climate. Minimising the effect of thermal bridges at the junctions of the building envelope in existing buildings is a major challenge and therefore careful design is essential.
In addition to improved thermal performance, additional external thermal insulation improves thermal indoor environment and decreases the risk for mould growth in the corners because of higher surface temperature. New external insulation also protects the building envelope against climate loads and improves aesthetics.
Conclusions
Linear thermal bridges in the transmission heat loss were evaluated in four apartment building types -prefabricated reinforced concrete large-panel elements, bricks, wood (log), and autoclaved aerated concrete large-blocks. Range and typical values of the linear thermal transmittance of the thermal bridge (by using overall internal dimensions of a building envelope) was calculated for various junctions of four building types by using the 2D heat transfer simulation tool. Results are useful for many countries in Eastern Europe with similar non-renovated housing stock that are facing problems related to today's energy performance requirements.
Based on the thermography field measurements and calculations, we found that notable thermal bridges from the thermal performance aspect exist in all building types. The situation is the worst for concrete element buildings, where the linear thermal transmittance of the thermal bridge might be up to Ψ = 1.30 W/(m·K) as maximum and Ψ = 0.70 W/(m·K) as the most probable value to be used in the energy audit. Overlooking the external wall/ window and the external wall/balcony junctions as typical bad practice renovation, share of thermal bridges in the transmission heat loss of a building envelope is 30-34%, depending on the thickness of additional insulation. Large linear thermal transmittance of the thermal bridges in certain junctions cannot be compensated with thicker insulation of the building envelope. As another extreme, share of thermal bridges in transmission heat loss might be only 10% in best practice.
In conclusion, windows have to be replaced (and repositioned into additional thermal insulation) and balconies should be rebuilt or insulated from top and bottom in order to fulfil energy performance requirements and to achieve, e.g. low-energy level. Linear thermal transmittance of the thermal bridges must be properly taken into account while conducting the energy audit or comparing the scenarios before the renovation.
